The self-assembled two-dimensional superlattice of octanthiol-passivated Au-Ag alloy nanoparticles is reported in this letter. These nanoparticles show good composition-tunable properties. In the UV-visible spectra, the absorption peaks shifted linearly from the high-energy to the lower-energy side with increasing molar faction of Au.
For example, colloidal metal or semiconductor nanoparticles can be used as building blocks to construct ordered mesoscopic structural materials. It can provide the possibility of detecting collective physical properties of the ensemble, and explore size-tunable optical and electronic properties of the nanocrystals used in devices such as single electron transistor, etc. [6] [7] [8] [9] [10] Alloy nanoparticles can exhibit electronic, optical, and catalytic properties that are distinctive from those of the corresponding monometal nanoparticles. Furthermore, using the alloy nanoparticles, tunable physical properties can be obtained by varying the composition ratio of nanoparticles. [11] [12] [13] In recent years, much attention has been paid on the alloy nanoparticles. 14 -16 However, those alloy particles typically require special synthetic procedure, or were made only by mixing two monometal particles physically. The formation of the alloy nanocrystal superlattice has not been observed directly up to now. In fact, the liquid-liquid two-phase system method 17 is very suitable to obtain the monodispersed alloy colloid when the size-selective precipitation process 18 is used to narrow the particle size distribution, and the size-selected stabilized alloy nanoparticles can be subsequently crystallized into both two-dimensional and three-dimensional superlattices.
In this letter, a Shimadzu UV-1601 PC double beam spectrophotometer was used to measure the UV-visible absorption spectra of nanocrystal dispersion in chloroform. A transmission electron microscopy ͑TEM͒ image was obtained from a JEM 200CX operating at 200 kV. Using octanthiol as the stabilizing agent, the Au-Ag alloy nanoparticles are synthesized by coreducing the mixture of chlorauric acid HAuCl 4 and silver nitrate AgNO 3 in the chloroform/water biphasic solution. 19 It should be mentioned that the Au and Ag percentages in the alloy nanoparticle are different from those of the initially fed ratio of the Au and Ag at the beginning of reaction. Therefore, the x-ray energy dispersive analysis spectrum ͑X-EDAS͒ was applied to determine the true bulk composition ratio of the alloy clusters. The conclusion that the synthesized solution is a Au-Ag alloy colloid is based on the fact that the UV-visible spectrum of the colloid system only shows one absorption band. If the synthesized colloid is a mixture of gold and silver nanoparticles, two absorption bands which come from the two different compositions would be appeared in the UVvisible absorption spectrum. 20 Figures 1͑a͒ and 1͑b͒ show the UV-visible absorption spectra of monometallic Au and Ag nanoparticles, where just one absorption peak ͑517 and 418 nm, respectively͒ appears. Figure 1͑c͒ is the UV-visible spectrum of the mixture of Au and Ag monometallic nanoparticles where two distinctive absorption peaks have appeared. It is obvious that the two absorption peaks come from their corresponding monometallic metal nanoparticles. However, a͒ Author to whom correspondence should be addressed; electronic mail: shthe@aphy.iphy.ac.cn Fig. 1͑d͒ is the UV-visible spectrum of the synthesized colloid system, in which only one absorption peak has appeared at 444 nm. This UV-visible spectral feature suggests that the Au-Ag alloy particles are not a simple mechanical mixture of the two different monometallic clusters but a compound of the two metal elements.
Using the organic molecule ͑octanthiol in this letter͒ to passivate the surface of the metal nanoparticle, a periodic metal nanocrystal array is experimentally attainable and it has been found that hydrophobic, sterically stabilized nanoparticles can be organized into close-packed array simply by evaporating the solvent from a dispersion, provided that the size distribution is sufficiently tight ͑the standard deviation about the mean diameter is less than 10%͒. 21 Figure 2 presents the TEM image of the two-dimensional superlattice of octanthiol protected Au-Ag alloy nanocrystals. The superlattice was formed by evaporating a drop of chloroform dispersion on a TEM copper grid coated with amorphous carbon film. As shown in Fig. 2͑a͒ , the alloy nanoparticle is monodispersed and the size distribution is very narrow ͑the standard deviation about the mean size of the alloy nanoparticles is 4.1%͒. The self-assembled superlattice of the alloy nanoparticles is formed with the hcp structure confirmed by twodimensional ͑2D͒ Fourier transform power spectrum ͓Fig. 2͑c͔͒. The ordered area in the monolayer extended over 0.25 mϫ0.25 m and there are no obvious defects, such as vacancies and stacking faults, in the whole ordered structure shown in Fig. 2͑a͒. Figure 2͑d͒ is the X-EDAS analysis spectrum of the alloy nanoparticle superlattices, which shows that the mole fraction of the Au and Ag of the alloy superlattice is 40% and 60%, respectively. The highresolution transmission electron microscopy ͑HRTEM͒ image shows that the Au-Ag alloy nanoparticle is truncated octahedra crystal ͓as shown in Fig. 2͑b͔͒ . In this superlattice structure, each particle is of 5Ϯ0.2 nm in diameter, and are separated from its nearest neighbors by the octanthiol organic molecules. This molecule layer on the particle surface would give structural integrity to the monolayer and serves as a controlled tunnel barrier for electron transport between the particles, and keeps the particles from aggregating in the solution. Figure 3 shows UV-visible spectra of the Au-Ag alloy with different ratio of Au and Ag. It should be mentioned that the position of absorption peak could be affected by other factors. For example, the UV-visible absorption peak position would be redshifted when the size of the nanoparticles increases. 22 In order to obtain comparable results, the size of the nanoparticle should be uniform and well controlled. In this letter, the average size of the nanoparticles used by the UV-visible measurement is about 4 nm, and the size standard deviation is less than 5%. As we know, monometal gold and silver nanoparticles with the size of 4.0 nm have absorption band in the visible region ͑at 520 and 420 nm, respectively͒. 23, 24 In our experiment, distinct peaks are observed at 518 and 417 nm in the UV-visible spectra of Au and Ag nanoparticles as shown in Fig. 3͑a͒. Figure 3͑a͒ peak positions to the amount of Au in the prepared alloy nanoparticles. In Fig. 3͑b͒ , it can be seen that the absorption peak position of alloy nanoparticles with different Au and Ag ratio shifted monotonically from the high-energy side to the lower-energy side, when the mole fractions of Au increased.
In conclusion, high-ordered self-assembled superlattice of the Au-Ag alloy nanoparticles has been observed directly by TEM in this letter. Increasing the molar fraction of the Au in alloy nanoparticles, the UV-visible absorption peak position of the Au-Ag alloy nanoparticles would shift linearly between the peaks of the monometallic Ag and Au. Therefore, tunable nanodevices may be obtained by changing the composition ratio of the alloy nanoparticles.
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